We report a novel gene tagging, identification and mutagenicity ('gene-breaking') method for the zebrafish, Danio rerio. This modular approach consists of two distinct and separable molecular cassettes. The first is a gene-finding cassette. In this study, we employed a 3 0 gene-tagging approach that selectively 'traps' transcripts regardless of expression status, and we show that this cassette identifies both known and novel endogenous transcripts in transgenic zebrafish. The second is a transcriptional termination mutagenicity cassette assembled from a combination of a splice acceptor and polyadenylation signal to disrupt tagged transcripts upon integration into intronic sequence. We identified both novel and conserved loci as linked phenotypic mutations using this gene-breaking strategy, generating molecularly null mutations in both larval lethal and adult viable loci. We show that the Histone 2a family member z (H2afza) variant is essential for larval development through the generation of a lethal locus with a truncation of conserved carboxy-terminal residues in the protein. In principle this gene-breaking strategy is scalable for functional genomics screens and can be used in Sleeping Beauty transposon and other gene delivery systems in the zebrafish.
Introduction
The zebrafish (Danio rerio) has the high biological and genomic complexity of a vertebrate combined with many advantages similar to invertebrates such as easy strain propagation, external embryonic development, relatively short generation time, and high fecundity. Large-scale genetic screens have been carried out in zebrafish using random mutagenesis with ethyl nitrosourea (ENU) (Driever et al., 1996; Haffter et al., 1996) or pseudotyped retrovirus (Gaiano et al., 1996; Amsterdam et al., 1999 Golling et al., 2002) . Hundreds of mutants have been generated using either of the approaches, demonstrating success as well as key limitations. The chemical mutagenesis approach using ENU does generate with high efficiency point mutations in genes but cloning of the mutated loci is a laborious process involving positional cloning methods. The pseudotyped retrovirus, on the other hand, has been successfully employed as an insertional mutagenesis approach allowing rapid cloning of the mutated genes. However, this method resulted in a low mutagenicity rate [one mutation per 80-100 insertions ] due to requirements for integration into an exon as the primary mutagenesis mechanism. A highly efficient and regulated insertional mutagenesis technique for the manipulation of the genome would be a significant asset to this excellent model organism.
Intron-based methods offer the potential of high efficient and regulated mutagenesis with the ease of cloning the (Gossler et al., 1989; Hicks et al., 1997; Hansen et al., 2003) [see Stanford et al. (2001) for a review] is a major intron-based mutagenesis approach that is designed to combine gene-finding and gene-mutating functions into a single component. Integration of the 5 0 gene trap vector into the promoter, exon or intron of transcriptionally active loci results in the generation of a fusion transcript between the trapped gene and the reporter. The fusion products generated by the trap insertion mimic the endogenous gene expression thus providing valuable insight on the trapped gene expression domain (Gossler et al., 1989; Wurst et al., 1995; Forrester et al., 1996; Stanford et al., 2001 ). This approach is limited by both the method of gene finding -it will only identify transcriptionally active genes -and method of reporter expression -only the 1/3rd of loci that are in the correct reading frame to yield a functional reporter fusion protein will be identified from this combined gene-finding/mutagenesis mechanism.
An alternative intron-based mutagenesis method is 3 0 gene trapping [also known as poly(A) trapping] (Niwa et al., 1993; Yoshida et al., 1995; Salminen et al., 1998; Zambrowicz et al., 1998; Ishida and Leder, 1999) . A conventional 3 0 gene trap consists of a defined constitutive promoter/enhancer that drives the expression of a reporter transcript that contains an efficient splice donor (SD) instead of a polyadenylation signal. Integration of the 3 0 gene trap in an intergenic region generates an unstable transcript, resulting in highly compromised reporter gene expression. However, if the trap integrates into a gene in the proper cis orientation, the reporter transcript is stabilized by the spliced poly(A) signal from the endogenous gene, and functional reporter expression is observed. The 3 0 gene traps are designed to capture the polyadenylation signal of genes along with 3 0 exons independent of the expression status of the endogenous gene. Since the trapping occurs independent of the expression status or the relative abundance of the trapped transcript, the 3 0 gene trap vectors can potentially trap all genes with near equal probability.
We have combined the unique gene finding capabilities of the 3 0 gene trap vector with the gene disrupting abilities of a 5 0 gene trap vector for the construction of our ''genebreaking'' trap vector. The term ''gene-breaking'' was originally proposed by Wheelan and colleagues (2005) while describing the L1 retrotransposon insertion into intronic sequence, a process that might convert a single ancestral gene into two separate transcriptional units. We have adopted this term for the description of our trap vectors due to the similarities between this apparent natural phenomenon and the current approach. The ''gene-breaking'' trap concept thus consists of two independent modular components. First is a ''gene-finding cassette''; in this study, we emphasize a 3 0 gene trap that selectively identifies exonic and polyadenylation sequences regardless of the expression status of the endogenous genes. Second is a ''mutagenicity cassette'' consisting of a strong transcriptional terminator for disrupting the tagged transcripts upon integration into intronic sequence. The transcriptional terminator mutagenicity cassette we use was assembled from a combination of a splice acceptor and polyadenylation signal. The employment of a transcriptional terminator in our trap was designed to ensure the effective disruption of the trapped transcript irrespective of the reading frame of the trapped gene.
In the present study, we investigated the potential of this two-component ''gene-breaking'' trap concept for use in zebrafish. We first assembled a ''gene-finding cassette'' and using zebrafish embryos, we demonstrate that this cassette effectively identifies both known and novel endogenous transcripts in transgenic zebrafish. We then modified this vector to include the second component, a transcriptional terminating ''mutagenicity cassette''. We used this method to demonstrate that linked phenotypic mutations can be generated by the ''gene-breaking'' strategy, tagging both novel and conserved loci. In addition, we also show that the ''gene-breaking'' strategy can generate molecularly null mutations in larval lethal and adult viable loci. We demonstrate that one of the larval lethal mutations is due to C-terminal truncation of the unconventional Histone 2a family member z (H2afza) variant. Insertion of the gene-breaking transposon into the last intron of h2afza gene truncates the gene product by 20 amino acids and results in a developmental phenotype with pronounced abnormalities in cranial development.
Results

In vivo trap test system identifies efficient zebrafish splice acceptor and splice donor sequences
The key to the success of the ''gene-breaking'' strategy is the identification and utilization of a ''gene-finding cassette'' with an efficient splice donor (SD) and a ''mutagenicity cassette'' with an efficient splice acceptor (SA). A survey of the published literature from zebrafish revealed no well characterized SA and SD sequences readily available for use in trapping vectors. Therefore we generated an artificial test context to mimic a 3 0 gene trapping event that would allow us to examine the efficiency of the SA and SD. For this we constructed pT2/PAT1 and pT2/PAT3 trap vectors (Fig. 2) . pT2/PAT1 trap vector contains the ubiquitous S1EF1a promoter driving a green fluorescent protein (GFP) reporter (Davidson et al., 2003) and includes a SD instead of a poly(A) signal. The pT2/PAT3 has all the components of the pT2/PAT1 and in addition includes a SA followed by multiple stop codons in all reading frames and a SV40 poly(A) signal 3 0 to the SD outside the inverted repeats of the transposon. The pT2/PAT3 vector permitted us to evaluate the combined effect of acquiring a SA and poly(A) signal in the zebrafish embryos. We selected a combined SA/poly(A) cassette because the efficiency of splicing has been shown to be enhanced by a quality poly(A) cassette (Niwa and Berget, 1991) . Both plasmids have the S1EF1a promoter driving GFP expression, which we previously showed to be adequate for observing ubiquitous GFP expression as a single-copy cassette in zebrafish (Davidson et al., 2003) . The pT2/PAT1 and pT2/PAT3 vectors were injected into one-cell zebrafish embryos, and the injected embryos were scored for GFP expression 1-day post fertilization (dpf). No GFP expression was observed in pT2/ PAT1-injected embryos (n = 353). In contrast, when embryos were injected with pT2/PAT3, 41 ± 15% of the embryos exhibited mosaic GFP expression (n = 647). 3 0 rapid amplification of cDNA ends -polymerase chain reaction (3 0 RACE-PCR) using cDNA as a template from the mosaic GFP-expressing embryos indicated that the GFP transcript included a spliced poly(A) tail (Fig. 2) . No un-spliced or read-through products were observed in the GFP-expressing embryos. These results suggest that the SD and the SA were functioning efficiently. We used these SD and SA sequences with different poly(A) signals for construction of subsequent ''gene-finding'' and ''mutagenicity'' cassettes.
Generation of a functional ''gene-finding cassette'' as evaluated in transgenic zebrafish
To investigate the ability of a ''gene-finding cassette'' to trap transcribed sequences; we constructed two vectorspT2/PAT5 and pT2/PAT6. While both trap vectors had Artificial trap test system. Comparison of GFP expression in zebrafish embryos injected with pT2/PAT1 or pT2/PAT3. A schematic diagram of the plasmids is shown in the top row. The inverted repeats of the SB transposon are shown as black triangles, the S1EF1a promoter (P1) is depicted as a gray box, the GFP open reading frame (GFP) is shown as a white arrow and the carp b-actin exon 1/intron 1 splice donor (SD) is shown as a dotted box. The modified carp b-actin intron 1/exon 2 splice acceptor (SA) is depicted as a dotted box and the SV40 polyadenylation signal (pA) is shown as a white box. The black arrows indicate the position of the primers used for the RT-PCR analysis. Plasmid-injected embryos that survived to 1 dpf were counted and scored for GFP fluorescence. The average percentage of GFP positive embryos in four independent experiments and the standard deviation are shown. RT-PCR was done on GFP positive embryos (Lane 1) injected with pT2/PAT3 using GFP/RACE primer (A) and SV40pA primer (B) resulting in a single 500 bp PCR product, confirming that splicing occurred between the SD and SA of the plasmid. No read-through or un-spliced products were observed. A no DNA control is shown in lane 2.
identical ''gene-finding cassettes'', the pT2/PAT5 had a basic ''5 0 trap cassette'' compared to the pT2/PAT6, which included an additional ''mutagenicity cassette'' (Fig. 3A) . Using the pT2/PAT5 trap vector, 229 adult zebrafish were screened and 22 founder fish were identified that produced GFP-expressing progeny. In the pT2/PAT5 screen, the degree of mosacism in the germline of the injected fish varied from 0.03% to 20.0% with a median of 2.7%. In the pT2/PAT6 screen, 171 adult zebrafish were screened and 15 founder fish were obtained that produced GFP-expressing progeny (Fig. 4) . In the pT2/PAT6 screen the degree of mosacism in the germline of the injected fish varied from 0.07% to 9.0% with a median of 1.5%. In total, 400 adult zebrafish were analyzed to screen for germline transmission of GFP expression using pT2/PAT5 and pT2/PAT6 vectors and 37 founder fish were identified that produced GFP-expressing progeny, resulting in a 9% (37/400) trapping rate (see below). All 37 fish lines exhibited ubiquitous GFP at varied expression levels indicative of likely insertion-site context bias (data not shown).
3 0 RACE-PCR using cDNA as template was performed on 31 out of the 37 GFP-expressing fish lines to identify the trapped sequence (the remaining 6 lines were lost and were not analyzed). Analysis of the 3 0 RACE-PCR fusion transcripts to endogenous sequences in 26 lines indicated that splicing had occurred as expected, between the vector-derived SD sequences and the genomic sequences, reflecting genuine trapping events. These 26 fish lines yielded a total of 30-trapped sequences (Table 1) , suggesting that in some lines there is more than one expressing insertion. Of the remaining 5 lines, 4 lines expressed GFP due to splicing and polyadenylation of the GFP transcript by a downstream ocean pout antifreeze protein polyadenylation signal derived from the pT2/PAT6 vector suggesting the presence of a vector concatemer in these 4 lines (these 4 lines are not included in Table 1) , likely due to a non-transposase-mediated integration event (data not shown). The remaining line did not show splicing of the splice donor sequences, instead the 3 0 RACE-PCR product included the complete sequence of the IR/DR (L) of the SB transposon vector followed by the genomic sequence. Taken together, 83% (26/31) of the GFP-expressing fish lines demonstrated functional splicing between the vector derived SD sequences and zebrafish genomic sequences.
To further confirm that trapped sequences were genuine expressed transcripts in the zebrafish genome, we designed oligonucleotide primers specific to 10 randomly selected trapped sequences and performed reverse transcriptase -polymerase chain reaction (RT-PCR) on oligo d(T) primed 24-h-old wild-type zebrafish cDNA. In all the 10 lines the RT-PCR products accurately reflected transcribed sequences (data not shown). Southern blot analysis on 7 randomly chosen GFP-expressing fish lines indicated that these fish lines had on an average 1.5 copies of the trap vector (data not shown), similar to previous observations for SB-mediated integrations in zebrafish (Davidson et al., 2003; Balciunas et al., 2004) . Based on the molecular analysis of the GFP-expressing fish lines we conclude that we have a functional ''gene-finding cassette'' that selectively traps transcribed sequences. 0 RACE-PCR analysis on the 26 GFP-expressing fish lines harboring either the pT2/PAT5 or pT2/PAT6 trap insertions yielded a total of 30 trapped genomic sequences. Using the bioinformatics analysis described in the methods section, the 30-trapped sequences generated by 3 0 RACE-PCR can be divided into 5 different classes (Table 1) . Class 1 is comprised of those sequences in which the 3 0 RACE-PCR had trapped exons of known genes. The trapped exons in P5IIIaA, P5IVA, P5VIIIA, P5XIVA, P5XIVC, P5XIVD1, P5XVD, P5XXIVA, P6IIIC, and P6VIIA were part of known genes. In P5IIIaA, 3 0 RACE-PCR and inverse polymerase chain reaction (iPCR) analysis mapped the trap insertion in intron 31 of the collagen a 1 chain. In P5IVA, 3 0 RACE-PCR and iPCR analysis mapped the trap insertion into intron 3 of a gene similar to the gene encoding mouse mitochondrial 28S ribosomal protein. In P6IIIC, 3 0 RACE-PCR, and iPCR analysis mapped the trap insertion in intron 4 of the h2afza gene. In P5XIVC, the trap insertion was mapped to the last intron of the paralemmin gene and in P5XXIVA, the trap insertion was mapped to intron 17 of a gene similar to ATP-binding cassette, subfamily F. These 10-trapped genes were mapped to various chromosomes/contigs in the zebrafish genome.
Class 2 is comprised of those sequences in which the 3 0 RACE-PCR had trapped transcripts of non-annotated genes. Trapped transcripts mapped to EST either in the TIGR zebrafish gene index or NCBI-EST database. Trapped transcripts in P5VIIA, P5XIIB, and P5XVB2 had significant identities to EST sequences of these non-annotated genes. Class 3 is comprised of trapped sequences for which we could find identities only in the Ensembl zebrafish genomic DNA database with no representation found in the current EST databases. This class consisted of nine trapped transcripts. To confirm the authenticity of the trapped transcripts, we designed oligonucleotide primers specific to 5 trapped sequences and performed RT-PCR on oligo d(T)-primed 24-h-old wild-type zebrafish cDNA. Three (P5XA, P6IIIB, and P6IIID) out of the five cases examined were experimentally confirmed as transcribed sequences expressed at 24-h post fertilization (data not shown). We did not examine other developmental time points. In P5XA insertion, the trapped genomic sequence was identical to GENSCAN00000034042, a predicted gene in the zebrafish genome. In P6IIIB and P6IIID insertions, the trapped transcripts overlapped with introns of annotated genes in the opposite strand. Further 5 0 RACE-PCR analysis performed on P6IIID line identified an additional exon of this novel transcript (data not shown). Thus the ''genefinding cassette'' was able to experimentally annotate two novel transcripts and one predicted gene.
Class 4 is comprised of trapped sequences that had ''no significant hit'' in any databases; 5 trapped sequences were assigned to this class based on our analysis. Class 5 consisted of 3 trapped sequences that were considered as ''low complexity'' based on the sequence composition and were not analyzed using this method.
Disruption of endogenous gene expression and analysis of mutant fish
To investigate the potential of the pT2/PAT5 and pT2/ PAT6 trap vectors to induce mutations in genes, adult GFP-expressing heterozygous sibling male and female fish were in-crossed, and the morphology of their progeny examined for abnormal phenotypes. From the pT2/PAT5 screen, 14 GFP-expressing lines were randomly selected and analyzed for phenotypes. No obvious phenotypes were observed in these 14 fish lines (Fig. 4) . We hypothesized that the lack of a phenotype might be due to the inability of the ''5 0 trap cassette'' to disrupt the endogenous gene expression. This suggests that to effectively disrupt the trapped transcript, the SA should be coupled with a strong transcriptional terminator.
To provide strong transcriptional termination, the SA in pT2/PAT6 vector was fused to an ocean pout antifreeze protein polyadenylation signal and putative boundary element. We refer to this combination of SA and transcriptional terminator as the ''mutagenicity cassette'' (Fig. 3A) . To assess the mutagenic efficiency of the pT2/PAT6 trap vector, we in-crossed 14 GFP-expressing fish lines and analyzed the resulting progeny for abnormal phenotypes. Out of the 14 lines analyzed, 2 lines (P6IIIB and P6IIIC) exhibited a recessive phenotypic mutation that resulted in embryonic lethality (Fig. 4) .
Homozygous P6IIIB fish (4 dpf) have a distinct dorsal curvature of the trunk and pooling of blood at the bottom of the yolk (Fig. 5A ). The homozygous P6IIIB fish died by 12 dpf. 3 0 RACE-PCR using cDNA as template from GFP-expressing embryos identified a transcript that has no significant homology to any known EST sequences. This transcript was experimentally shown to be expressed in wild-type zebrafish embryos using gene-specific PCR on oligo d(T) primed cDNA template (see Class 3 above) confirming that the trapped transcript in P6IIIB line is in fact an authentic expressed sequence. Southern blot analysis conducted on the P6IIIB fish line to determine copy number and linkage to GFP expression indicated the presence of only one trap insertion in the genome (Fig. 5F ). The iPCR analysis done on GFP-expressing embryos identified a transposase-mediated insertion into a TA dinucleotide on zebrafish genome scaffold Zv5_NA7649 (Zebrafish genome assembly Zv5). The trapped transcript in P6IIIB 
a Bioinformatics analysis of 30 sequences trapped by the trap vectors are presented. The trapped sequences are grouped according to the classification described in the text.
b Two versions of the trap vectors were used to generate the GFP-expressing fish lines. Founder fish having the P5 designation in their ID were generated with the pT2/PAT5 trap vector and the founder fish having the P6 designation in their ID were generated with the pT2/PAT6 trap vector.
c EST database at TIGR Zebrafish Gene Index, version 16.0 (09-21-04). d Ensembl zebrafish genomic assembly version 5 (Zv5), as of 10-5-05.
line overlaps with the second intron of the sh2 domain binding protein-1 (sh2bp1) gene in the opposite strand (antisense strand). RT-PCR analysis indicated that there was no difference in the splicing or expression of the sh2bp1 transcript in the homozygous P6IIIB and wild-type fish, indicating that the observed phenotype was not due to the disruption of the sh2bp1 gene (data not shown) but more likely due to the disruption of the novel transcript on the opposite strand. The P6IIIB homozygous phenotype segregated in a Mendelian manner and was always linked to the GFP expression (data not shown) suggesting that the insertion of the pT2/PAT6 trap vector is tightly linked to the mutation. Homozygous P6IIIC fish have a very distinct ventral curvature of the trunk accompanied by defects in the pharyngeal arches at 5 dpf (Fig. 5C ). Death of these fish was observed by 13 dpf. 3 0 RACE-PCR using cDNA as template from GFP-expressing P6IIIC embryos identified a trapped endogenous transcript that had 100% identity to exon 5 of the histone 2a family member z (h2afza) gene on chromosome 9 (Zebrafish genome assembly Zv5). iPCR and separate genomic analysis (data not shown) conducted on GFP-expressing embryos identified a transposase-mediated insertion into a TA dinucleotide in intron 4 of the h2afza gene. Southern blot analysis conducted on P6IIIC line to determine copy number indicated the presence of two insertions in the genome (Fig. 5G) . However linkage to GFP expression and molecular analysis determine only one insertion as being expressed (see below), the other insertion appears to be a silent insertion on the same linkage group.
To determine the amount of gene disruption in the P6IIIC line, adult heterozygous sibling male and female P6IIIC fish were in-crossed and sibling wild-type, heterozygous and homozygous embryos were collected 5 dpf. Total RNA was prepared from these embryos, and real-time quantitative PCR (QRT-PCR) was performed using oligonucleotides primers specific to exon 4 and exon 5 of the h2afza gene ( Fig. 6A and B) . The relative quantity of h2afza transcript in the P6IIIC heterozygous and homozygous embryos was 49.3 ± 8% and 1.1 ± 0.2%, respectively, when compared to that present in wild-type embryos. In other words, the h2afza gene expression in the P6IIIC homozygous embryos was reduced by P98% when compared to that of the wild-type embryos (Fig. 6D) .
To confirm that the insertion of the pT2/PAT6 trap vector in intron 4 of h2afza gene disrupted the endogenous h2afza gene expression and resulted in the observed phenotype, we injected wild-type zebrafish embryos with a splicesite targeting morpholino (H2AFZa MO) designed against the putative intron 4/exon 5 splice junction of the h2afza gene. A high proportion (83.9 ± 14.1%) of the wild-type embryos injected with 6 ng of H2AFZa MO displayed a phenotype similar to the P6IIIC mutants (Fig. 6E) . In wild-type embryos injected with 3 and 4.5 ng of the morpholino, the proportion of embryos exhibiting the phenotype were 0% and 19.2 ± 5.8%, respectively. To determine the level of h2afza gene expression knockdown by H2AFZa MO, we isolated total RNA from one-day-old embryos injected with 6 ng of the H2AFZa MO and corresponding non-injected embryos. QRT-PCR was performed using oligonucleotides primers specific to exon 4 and exon 5 of the h2afza gene (Fig. 6A) . The relative quantity of h2afza transcript in the morpholino-injected embryos was 1.2 ± 0.6% compared to that present in wild-type embryos ( Fig. 6F and G) indicating that there was P98% knockdown of h2afza gene expression in the morpholino-injected embryos.
To further confirm that the observed mutant phenotype was due to the disruption of the h2afza gene and to show linkage with GFP expression, we hypothesized that embryos resulting from an out-cross of P6IIIC with wild-type fish should result in half of the embryos carrying the P6IIIC insertion (heterozygote) and subsequently have a 50% RT-PCR analysis of h2afza transcript in wild-type, heterozygous and homozygous P6IIIC embryos. Primers A and C were used to detect the wild-type transcript of the h2afza gene; note the absence of observable wild-type h2afza transcript in homozygous P6IIIC embryos. RT-PCR using primers in b-actin transcript were performed as an internal control. (C) RT-PCR analysis of the trapped transcript in the wild-type, heterozygous and homozygous P6IIIC embryos. Primers B and C were used to detect the splicing events occurring between the trap vector and the exon 5 of the h2afza gene. RT-PCR using primers in b-actin transcript were performed as an internal control. (D) Real-time quantitative RT-PCR was performed with primers A and C on RNA obtained from 5-day-old wild-type, heterozygous and homozygous P6IIIC embryos; an average of three experiments is shown here. Over 98% reduction in h2afza transcript was observed in the homozygous P6IIIC embryos when compared to the wild-type embryos. (E) Wild-type embryos injected with H2AFZa morpholino targeting the intron 4/exon 5 splice site of h2afza gene. Injection of 6 ng of the morpholino resulted in high penetrance of craniofacial and trunk curvature phenotypes (see Fig. 7 ). (F) Real-time quantitative RT-PCR was performed with primers A and C on RNA obtained from 1 dpf wild-type un-injected embryos and 1 dpf wild-type embryos injected with 6 ng the H2AFZa morpholino. Over 98% reduction in h2afza transcript was observed in the embryos injected with the morpholino when compared to the un-injected wild-type embryos. (G) RT-PCR analysis of the h2afza transcript in un-injected wild-type and H2AFZa morpholino-injected embryos. Primers A and C were used to detect the h2afza transcript. RT-PCR using primers in b-actin transcript were performed as an internal control. wt, wild-type; i*, insertional allele; n, number of embryos in sample. reduction in h2afza gene expression (see Fig. 6D ). These same carriers should express the GFP insertion cassette. The other half of the embryo clutch should not carry the insertion (wild-type) and hence also lack GFP expression. Therefore a low dose (3 ng) of the H2AFZa MO that did not produce a phenotype in wild-type embryos (see Fig. 6E ) will produce a phenotype in P6IIIC heterozygotes that contain only a single copy of the wild-type h2afza gene. In other words, the trap insertion into one of the h2afza alleles that disrupts expression should make these embryos more susceptible to knockdown of h2afza gene expression if the phenotype was due to loss of h2afza gene function. In this experiment (Fig. 7A) , adult heterozygous P6IIIC carriers were out-crossed to wild-type fish. Resulting embryos were injected with 3 ng of H2AFZa MO. A higher proportion (66.2 ± 6.9%) of the GFP-expressing embryos exhibited a phenotype when injected with a low dose of morpholino targeted to knockdown the h2afza gene expression, while only 12.1 ± 6.5% of the corresponding wild-type embryos that did not express GFP exhibited a phenotype. These data suggest that GFP expression in the P6IIIC line is linked to the phenotype since only carriers of the insertion are more susceptible to low dose morpholino knockdown. Thus, the observed mutant phenotype was likely due to the disruption of the h2afza gene expression by the pT2/PAT6 trap vector insertion.
At 5 dpf the P6IIIC mutants and morphants display abnormal pharyngeal arch formation. To visualize the cartilage development in the arches alcian blue staining was carried out. Multiple malformations of the mandible, hyoid arch, and the pharyngeal arches were observed in the alcian blue-stained P6IIIC mutant and morphant fish (Fig. 7B-D) . We also conducted dlx2 in situ hybridization analysis at 1, 2, 3, and 5 dpf P6IIIC mutant embryos. In these studies, dlx2 expression was normal at 1, 2, and 3 dpf; the dlx2 expression defects did not significantly precede defects visible with the more comprehensive tissue analysis provided by alcian blue staining (data not shown). In addition, we have also conducted expression analysis of the h2afza gene using in situ hybridization. h2afza was ubiquitously expressed in zebrafish embryos and adult tissues. Further, using RT-PCR we have shown that h2afza is expressed at all developmental stages and in all adult organs tested, confirming ubiquitous expression ( Fig. 8D and E) . We note that underdevelopment of the jaw coupled with small head and eyes as a phenotypic class was also recovered at a high frequency amongst the mutants from the ENU and retroviral insertional mutagenesis screens Driever et al., 1996; Golling et al., 2002) . Mutant fish with such general craniofacial phenotypes invariably display arch defects (Schilling et al., 1996) .
pT2/PAT6 trap insertion generates null mutations in adult viable loci
Mutations in many important genes that are homozygous viable are not readily recoverable using traditional genetic screens as conducted using ENU or retroviral approaches. Specifically, mutations in genes that might have adult or environment-dependent phenotypes are very difficult to isolate using existing mutagenesis techniques because mutations in such genes generally do not result in an embryonic or larval phenotype. To isolate such mutations using ENU, extreme measures employing TILLING (Wienholds et al., 2003) or related approaches are currently required. A technique that would allow the quick identification and disruption of such adult viable loci would be highly useful for the fish community. Therefore to evaluate the ability of pT2/PAT6 vector to trap and disrupt adult Fig. 7 . Disruption of the h2afza gene is linked to GFP expression and branchial arch defects in h2afza mutant and H2AFZa morpholino-injected embryos. (A) Heterozygous P6IIIC adult fish were crossed to wild-type fish and the resulting embryos were injected with a low dose (3 ng) of H2AFZa morpholino. The injected embryos were scored for GFP expression and the occurrence of phenotype at 3 dpf. Only P6IIIC insertion carriers express GFP and the wild-type siblings do not express GFP. In this experiment a higher proportion (66.2 ± 6.9%) of the embryos expressing GFP exhibited a phenotype when injected with a low dose of morpholino targeted to knockdown the h2afza gene expression, while only 12 ± 6.6% of the corresponding wild-type, GFP-negative embryos exhibited a phenotype. This observation indicates that GFP expression in the P6IIIC line is linked to the phenotype, and confirms that the observed mutant phenotype is due to the disruption of the h2afza gene. viable loci we examined a trap fish line (P6VIIA fish line) that did not show any obvious embryonic phenotype. Furthermore, molecular examination of a locus for effective gene disruption in a trap fish line without any obvious embryonic phenotype would also allow testing for the mutagenesis potential of the vector without phenotypic bias.
3 0 RACE-PCR using cDNA as template from GFP-expressing P6VIIA embryos identified a trapped endogenous transcript with 100% identity to exon 2 of the fk506-binding protein 3 (fk506bp3) gene on chromosome 17 (Zebrafish genome assembly Zv_5). No obvious embryonic phenotype was noticed when we in-crossed the GFP-expressing heterozygous siblings. Therefore we randomly selected 25 GFP-expressing P6VIIA sibling embryos from the in-cross and raised them to adulthood. Then we extracted RNA from tail clips samples of 10 individual P6VIIA siblings and subjected them to RT-PCR analysis using oligonucleotide primers specific to exon 1 and exon 2 of the fk506bp3 gene (Fig. 8A) . Of the ten individual samples analyzed, six samples showed highly reduced levels of fk506bp3 transcript and four samples did not show any detectable levels of fk506bp3 transcript on an ethidium bromide-stained agarose gel, when compared to fk506bp3 transcript levels in wild-type control sample (data not shown). Thus, we were able to identify four adult homozygous mutant P6VIIA fish. Using QRT-PCR, we determined that the relative quantity of fk506bp3 transcript in the P6VIIA heterozygous and homozygous fish was 48.3 ± 15% and 3.7 ± 1%, respectively, when compared to that present in RT-PCR analysis of fk506bp3 transcript in wild-type, heterozygous and homozygous P6VIIA fish. Primers A and B were used to detect the wild-type transcript of the fk506bp3 gene; note the absence of observable wild-type fk506bp3 transcript in homozygous P6VIIA fish. RT-PCR using primers in b-actin transcript were performed as an internal control. (C) Real-time quantitative RT-PCR was conducted with primers A and B on RNA obtained from tail clips of adult wild-type, heterozygous and homozygous P6VIIA fish; an average of three experiments is shown here. Over 96% reduction in fk506bp3 transcript was observed in the homozygous P6VIIA fish when compared to the wild-type fish. (D and E) RT-PCR analysis of h2afza and fk506bp3 gene expression during developmental stages and in adult organs of zebrafish. To the left, the size of the nearest band on MassRuller Low Range DNA ladder (Fermentas) is shown. For control RT PCR, L37A3 and L37A5 primers against 60S ribosomal protein L37A were used (Knowlton et al., 2003) . wt, wild-type; i*, insertional allele.
wild-type fish. The expression of the fk506bp3 gene in the P6VIIA homozygous fish was reduced by P96% when compared to that of the wild-type fish ( Fig. 8B and C) . In addition, we have conducted expression analysis of the fk506bp3 gene using in situ hybridization. fk506bp3 gene was ubiquitously expressed in zebrafish embryos. Further, using RT-PCR we have shown that fk506bp3 gene is expressed at all developmental stages and in all adult organs tested, confirming ubiquitous expression ( Fig. 8D  and E) .
Discussion
We describe the development and use of an in vivo ''gene-breaking'' strategy in zebrafish for functional analysis of uncharacterized genes and insertional mutagenesis. Using an artificial in vivo test system, we identified splice acceptors and splice donors that efficiently function in zebrafish. This approach of using an in vivo artificial test trap to mimic a trapping event will be useful for identifying additional splice acceptors, splice donors, and other cassettes for future insertional trapping studies such as the protein trap technology currently developed in Drosophila (Morin et al., 2001) .
We constructed two trap vectors, pT2/PAT5 and pT2/ PAT6, to test the ''gene-breaking'' strategy. First, we developed a ''gene-finding cassette'' that can selectively trap transcripts and functionally annotate genes. Based on the analysis described in the results section, 53% (16/30) of the trap insertion events were into functional genes. We believe this is an underestimation of the number of insertions in functional genes for several reasons. For authenticating the trapped transcripts, we performed independent RT-PCR only on 24-h-old wild-type zebrafish cDNA, and it is possible some of the trapped transcripts were not expressed in a 24-h-old zebrafish embryo and therefore were not identified. We also cannot rule out that some of the trapped sequences might be located at sites of unknown genes that are yet to be identified. Recent analysis of the human genome indicates at least 10 times more transcripts than the number of known genes (Bertone et al., 2004; Kampa et al., 2004; Carninci et al., 2005; Cheng et al., 2005) . Further evidence that there are many more novel transcribed sequences yet to be discovered comes from the analysis of the mouse genome where about 62% of genome was found to be transcribed Claverie, 2005; Katayama et al., 2005) . In separate work using 3 0 gene trap [poly(A) trap] in mouse ES cells, a significant proportion of the trapped sequences that did not have any homology to genes or EST's displayed expression signals in a DNA array experiment . Recently in a region-specific saturation mutagenesis screen performed in mouse (Keng et al., 2005) , a high proportion of the transcripts trapped by the 3 0 gene trap were in predicted genes and some of these trapped transcripts were shown to be authentic transcripts that were expressed in various tissues. Therefore, given the complexity of the vertebrate genome, it is not unreasonable to assume that many of the trapped sequences in the current study might be authentic transcripts that are yet to be discovered and annotated in the zebrafish genome.
Another observation from the present study was the ability of the ''gene-finding cassette'' to identify and trap likely antisense transcripts (transcripts encoded from the non-coding strand). Insertion in the P6IIID fish line is an example where we were able to show using 3 0 and 5 0 RACE-PCR that the trapped sequence was an authentic transcript, which overlapped with an intron of an annotated gene in the opposite strand (antisense). Insertion in P6IIIB also trapped a transcript that overlapped with an intron of sh2bp1 gene in the antisense strand. The authenticity of the P6IIIB and P6IIID transcripts was confirmed by performing independent RT-PCR analysis on wild-type zebrafish cDNA using primers specific to the respective trapped transcripts. Recent data from the mouse genome analysis shows that over 70% of the mapped transcriptional units overlapped with a transcript from the opposite strand Claverie, 2005; Katayama et al., 2005) suggesting that the occurrence of the antisense transcripts is a much more common phenomenon than what was previously estimated. In summary, these data have shown that the ''gene-finding cassette'' in the pT2/PAT5 and pT2/PAT6 trap vector can be used to functionally characterize both known and novel transcripts in the zebrafish genome. The ability of a gene-breaking trap vector to tag and disrupt gene expression will be valuable for functional and biological characterization of genes. For example, in the P6IIIC line the insertion of the gene-breaking trap is in the histone 2a family, member z (h2afza) gene. H2afza is a variant of the histone protein H2A. The h2afza gene (also known as H2A.Z, H2afz, H2AvD, hv1, PHT1, or Htz1 in different organisms) and/or its protein have been characterized in mammals Bonner, 1988, 1990; Faast et al., 2001) , chicken (Harvey et al., 1983) , frog (Ridgway et al., 2004) , fruit fly (van Daal et al., 1988) , sea urchin (Ernst et al., 1987) , Tetrahymena , and yeast (Jackson and Gorovsky, 2000) . Histone H2A.Z has been implicated in a variety of cellular processes from cell cycle progression (Dhillon et al., 2006) to different aspects of transcriptional regulation (Reviewed by Redon et al., 2002; Raisner and Madhani, 2006) . In particular, yeast H2A.Z prevents the spread of heterochromatin into the euchromatic regions in an acetylation-dependent manner (Meneghini et al., 2003; Babiarz et al., 2006) , in chicken, acetylated H2A.Z was found to be associated with boundary function of b-globin insulator (Bruce et al., 2005) .
In the present study, the gene-breaking trap insertion in P6IIIC line truncates the zebrafish H2afza protein by 20 amino acids. The importance of the C-terminal amino acids of H2AZ was established by studies in Drosophila. Deletion mapping in the fruit fly demarcated functionally critical H2AZ sequences in the C-terminal region (Clarkson et al., 1999) , and many of these correspond to the last 22 amino acids of the zebrafish protein. These sequences are required for the interaction between H2A-H2B dimer and H3-H4 tetramer, indicating a role for the C-terminal region in nucleosome stability (Clarkson et al., 1999) .
Prior work in frogs and mice have demonstrated an essential role in early development (gastrulation) for H2A.Z proteins. Depletion of H2A.Z by RNAi and dominant negative approaches in Xenopus laevis results in a late gastrulation defect manifested in shortened trunk, while the heads appear normal (Ridgway et al., 2004) . In mouse H2A.Z null embryos appear morphologically indistinguishable from wild-type siblings till 4.5 days postcoitum (d.p.c). Beyond 4.5 d.p.c the H2A.Z null embryos fail to undergo the complex differentiation and reorganization leading to gastrulation and by 7.5 d.p.c, most of the mutant embryos display degeneration and are finally resorbed (Faast et al., 2001) .
In contrast, we do not observe gastrulation defects in zebrafish H2afza mutants or morphants. Our genetic (both mutant and morphant) analyses focused on zygotic-specific processes. We speculate that a similar early role for H2afza in gastrulation is provided by the abundantly expressed maternal gene product. This role -visualized through these zygotic-specific genetic analyses -thus provides a second unique phenotype associated with the H2A.Z protein in higher eukaryotes.
Our data demonstrates that the ''mutagenicity cassette'' in pT2/PAT6 trap vector is capable of disrupting expression of the trapped genes. The addition of a transcriptional terminator allowed effective prevention of transcriptional read-through similar to the triple poly(A) sequence used in murine vectors (Soriano, 1999) . Recently the human L1 retrotransposon was also shown to induce ''gene-breaking'' by utilizing a transcriptional terminator (Wheelan et al., 2005) . We tested a number of candidate transcriptional terminators in zebrafish before selecting the ocean pout antifreeze protein poly(A) addition signal along with the terminator and putative boundary element for use in our traps (unpublished data). The combination of splice acceptor and polyadenylation signal used in our trap prevented splicing around the trap and disrupted the endogenous gene expression in both mutant fish lines that were tested. Splicing around the trap insertion and restorations of the undisrupted wild-type transcript have been one of the major hurdles in creating null alleles in mouse (McClive et al., 1998; Sam et al., 1998; Voss et al., 1998) and zebrafish Kawakami et al., 2004) . Therefore, it is vital that the ''mutagenicity cassette'' designed to disrupt the endogenous gene expression does not ''leak'' (Ishida and Leder, 1999) . The identification of a quality ''mutagenicity cassette'' is a valuable tool for functional genomic studies employed here and elsewhere in the zebrafish research field.
In the pT2/PAT6 screen, 2 out of the 14 GFP-expressing fish generated phenotypic mutants demonstrating in vivo gene disrupting capabilities of the vector. We estimate from the 3 0 RACE-PCR and southern blot analysis that there is only one expressing insertion in the majority of the fish lines. Taken together it is estimated that we obtained 2 phenotypic mutants by screening approximately 14 expressing insertions in the pT2/PAT6 screen. We also demonstrate the ability of the pT2/PAT6 trap vector to generate molecularly null mutations in embryonic lethal and adult viable loci, indicating the ability of the ''mutagenicity cassette'' to effectively disrupt the trapped transcript even in the absence of an obvious phenotype. The effective disruption of the trapped transcript suggests that one could possibly use the selection of trap insertions to identify mutations in those genes. However, in the present study we have analyzed only a very limited number of trapped events, and a complete analysis of many more trapped lines will be required for more definitive conclusions. The ''gene-breaking'' strategy offers several advantages in screening and molecular characterization of the tagged loci over existing mutagenesis systems. Since the ''genefinding cassette'' used in current study is not expression-dependent, this technique can trap and mutate genes that would not be isolated in a classical gene trap screen (Kawakami et al., 2004) or phenotype-driven insertional mutagenesis screen (Amsterdam et al., 1999) . By recovering such trap lines and identifying all the trapped transcripts, one could establish a sequence-based database of insertional alleles in genes of high biological interest and, in parallel, create a resource of mutants in genes that might have adult phenotype as well as isolate mutations that result in the more traditional embryonic and larval phenotypes.
There is increasing evidence suggesting that some 3 0 gene trap [poly(A) trap] integrations are preferentially selected for insertions in the last intron of the trapped gene Shigeoka et al., 2005) [see Shigeoka et al. (2005) for analysis of the trapped genes]. This selection is thought to occur because of an mRNA-surveillance mechanism, nonsense-mediated mRNA decay (NMD) that degrades mRNA that prematurely terminates translation. Analysis of the 11-trapped genes for which enough annotation was available indicates that we may not have a strong bias in vector integration (Fig. 3B) . However, this is a very limited set of genes and a complete analysis of more trapped lines is required. The ''gene-breaking'' trap vector was designed to be a platform independent of delivery mechanism. In the present study, we used the SB10 transposase as a mode of gene delivery for consistency and for comparison with previous published work. However, by utilizing alternative delivery methods with higher gene transfer potential such as ''hyperactive'' SB transposases (Geurts et al., 2003; Yant et al., 2004; Zayed et al., 2004; Baus et al., 2005) , the Tol2 transposon (Koga et al., 1996; Kawakami et al., 2000; Parinov et al., 2004) , retrovirus (Amsterdam et al., 1999) or by utilizing in vivo delivery methods such as SB transposase-expressing animals (Dupuy et al., 2001; Horie et al., 2001) , we expect to improve the gene transfer rate of the ''gene-breaking'' trap vector in zebrafish. One key advantage of using a transposon system is the possibility to mobilize an integrated transposon from its original location and thereby induce chromosomal deletions as developed in Drosophila using the P-element (Cooley et al., 1990) or to potentially trap another gene by re-inserting at a different locus (Keng et al., 2005) . We previously showed that a stably integrated transposon could be excised in the germline of zebrafish by injecting SB10 transposase mRNA resulting in the expected transposon footprint . It needs to be determined how frequent an excision of the transposon in zebrafish germline will be followed by local deletions. Such 'imprecise' local deletions are well-suited for chromosomal engineering applications in fish.
We report here a novel in vivo ''gene-breaking'' approach in zebrafish that is designed to specifically tag and disrupt the trapped genes. The two functional modules in the ''gene-breaking'' vector are independent of each other. This modular design allows the flexibility of using different ''gene-finding cassettes'' in combination with the ''mutagenicity cassette'' to characterize genes with diverse functions. The ''gene-breaking'' vector can also be easily adapted for use in other existing gene delivery systems in zebrafish such as a retrovirus (Amsterdam et al., 1999) or the Tol2 transposon system (Kawakami et al., 2000) which exhibit likely distinct global and local gene tagging behavior from that of the SB transposons. We expect to broadly use this technique to facilitate the study of genes involved in vertebrate development and organogenesis.
Experimental procedures
Construction of trap vectors
The vectors described in the current study were constructed in a Sleeping Beauty (SB) transposon-based vector containing the SB transposase recognition sequences (Ivics et al., 1997; Davidson et al., 2003; Geurts et al., 2003) . We modified our previously published transgenesis vector, pT2/S1EF1a-GM2 (Davidson et al., 2003) for the construction of all our trap vectors. First, we generated pT2/S1EF1a-GM2-R/L, which is similar to pT2/S1EF1a-GM2, except that the expression cassette is in the opposite orientation with respect to the SB transposon inverted direct repeats (IR/DR).
To produce pT2/ PAT1, a 248 bp ClaI-NruI fragment containing the SV40 polyadenylation [poly(A)] signal was deleted from pT2/S1EF1a-GM2-R/L and replaced with a 172 bp PCR fragment containing the carp b-actin gene exon 1/intron 1 splice donor (SD) amplified from Cyprinus carpio genomic DNA using oligonucleotides 5 0 -CACATGGCATCGA TGAAC-3 0 and 5 0 -TT GATATCGAATTCACTAGTG-3 0 . pT2/PAT2 was generated by ligating blunted a 173 bp PCR fragment containing the carp b-actin gene intron 1/exon 2 splice acceptor (SA) followed by multiple stop codons in all three reading frames into SphI site of pT2/PAT1. The 173 bp SA along with the stop codons was amplified from pT2/GTA/tTA3 (Geurts et al., unpublished) using oligonucleotides 5 0 -CA CGAAACAGGAAGCTGACTCC-3 0 and 5 0 -CGGAATTCCCGCGAAT CCAT-3 0 . To generate pT2/ PAT3, two vectors -pCR4-TOPO/SV40p(A) and pCR4-TOPO/SV40p(A)/SA were constructed. pCR4-TOPO/SV40p(A) was constructed by cloning a 500 bp PCR fragment containing the SV40p(A) addition signal, amplified from pT2/S1EF1a-GM2 (Davidson et al., 2003 ) using oligonucleoides 5 0 -CACATGGCATCGATGAAC-3 0 and 5 0 -CTTCGCGATGATAATCAGCCATACCA-3 0 into pCR4-TOPO (Invitrogen). To generate pCR4-TOPO/SV40p(A)/SA, a 173 bp PCR fragment containing the modified carp b-actin gene intron 1/exon 2 splice acceptor (amplified from pT2/PAT2) was inserted at the SpeI-blunted site of pCR4-TOPO/SV40p(A). Finally, a 673 bp blunted PCR fragment containing both the 173 bp of modified carp b-actin gene intron 1/exon 2 splice acceptor and 500 bp of SV40p(A) addition signal was amplified using oligonucleotides 5 0 -CACGAAACAGGAAGCTGACTCC-3 0 and 5 0 -CTTCGCGATGATAATCAGCCATACCA-3 0 from pCR4-TOPO/ SV40p(A)/SA and inserted into SacI-blunted pT2/PAT1 to obtain pT2/ PAT3. pT2/ PAT5 was constructed by replacing a 305 bp NheI-XbaI fragment containing the S1EF1a promoter from pT2/PAT2 with a 2559 bp NheI-XbaI fragment of the C. carpio b-actin gene promoter and first intron amplified from pFRM2.1 (a gift from P.D.L. Gibbs; Gibbs and Schmale, 2000) using oligonucleotides 5 0 -AAGCTAGCAATTAACCC TCACTA-3 0 and 5 0 -TAGTTCTAGATGGATCCACCT-3 0 . In order to generate pT2/PAT6, first pFRM2.1/SA was constructed by inserting a 173 bp modified carp b-actin gene intron 1/exon two-splice acceptor (amplified from pT2/PAT2) into the XbaI site of pFRM2.1. Using pFRM2.1/SA as a template, a 1385 bp PCR fragment flanked by NheI sites containing the 195 bp modified splice acceptor and 1190 bp ocean pout antifreeze protein poly(A) addition signal along with the terminator and putative boundary element was amplified using oligonucleotides 5 0 -AAAGCTAGCACGAAACAGGAAGC-3 0 and 5 0 -AATGCTAGCC AAGCTTCTCTGGT-3 0 . The 1385 bp NheI fragment from pFRM2.1/ SA was inserted in the NheI site of pT2/PAT5 to generate pT2/PAT6.
Generation of transgenic zebrafish and GFP imaging
Zebrafish were maintained as described previously (Davidson et al., 2003) . Fertilized eggs were co-injected in early one cell stage with the SB10 transposase-encoding synthetic mRNA (Dupuy et al., 2002) and the transposon DNA in a 3-nl injection volume at the blastoderm/yolk interface (Hyatt and Ekker, 1999; Hermanson et al., 2004) . The amounts of the SB10 transposase mRNA and transposon DNA mix used for injections were based on previous studies (Davidson et al., 2003) . Injected embryos were scored for GFP expression at 1-3 days post fertilization (dpf) and only embryos with GFP expression were raised, as described previously (Davidson et al., 2003; Hermanson et al., 2004) . Adult fish were either in-crossed or out-crossed and collected embryos were scored for GFP expression at 3 dpf (Fig. 1) . In the pT2/PAT5 and pT2/PAT6 screens a minimum of 100 embryos were screened from each founder. If fewer embryos were obtained from a founder, an additional cross was set up to obtain embryos for screening. In the present study, gene-trapping rates were calculated based on the number of founders that transmitted GFP expression to the progeny. This was done because only insertions of the trap vector in genes should result in GFP expression due to transcript stabilization and translation following polyadenylation by cis 3 0 gene sequences encoded by the endogenous locus. Random insertions of the trap vector in non-genic regions were not expected to contribute to GFP-expressing embryos because these insertions should lead to loss of reporter expression from a lack of poly(A) transcript stabilization. By scoring for only GFP-expressing insertions, we were able to circumvent screening of transgenic fish harboring non-expressing insertions. GFP expression in embryos was examined using a Zeiss Axioscope 2 compound microscope (Carl Zeiss, USA) and images were captured using the Axiocam digital camera as described previously (Davidson et al., 2003; Hermanson et al., 2004) .
Screening for mutations
Adult GFP-expressing F 1 transposon heterozygous fish were incrossed to generate F 2 homozygous embryos. The embryos were screened for phenotypes using a simple visual screen during the first 5 days post fertilization. At 3 dpf the embryos were scored for GFP expression and sorted into GFP positive and negative pools. Only the phenotypes that were observed in the GFP positive pool were taken into consideration for the mutation screen (Fig. 1) . The GFP-expressing embryos were screened for phenotypic defects in the nervous system, cardiovascular system, craniofacial morphology, pigmentation, body shape, and motility.
Genomic DNA isolation and southern blot hybridization
Genomic DNA isolation and southern blot hybridization was performed as described previously (Davidson et al., 2003) . Genomic DNA samples isolated from GFP-positive and GFP-negative embryos were digested with either SpeI or NsiI for fish generated with pT2/PAT5 or with either SphI or NsiI for fish generated with pT2/PAT6. Blots were probed with a 700 bp GFP-specific probe generated by PCR (Davidson et al., 2003) .
3
0 RACE, 5 0 RACE, QRT-PCR, and iPCR
Total RNA was isolated from 20-25 three-day-old zebrafish embryos using the Trizol reagent (Invitrogen). First strand cDNA was synthesized in a 20 ll reaction from 5 lg of total RNA using Superscript 2 reverse transcriptase (Invitrogen). Two rounds of 3 0 RACE-PCR were performed in a 50-ll reaction. The first round of 3 0 RACE-PCR was performed using GFP primers-GFP/RACE (5 0 -GAGAGACCACATGGTCCTTCTTG-3 0 ) and the abridged universal amplification primer -AUAP (5 0 -GGCC ACGCGTCGACTAGTAC-3 0 ) (Invitrogen-USA) with 2 ll of the cDNA as a template. The PCR conditions for the first round of 3 0 RACE-PCR were as follows: initial denaturation of 94°C 3 min followed by 94°C 1 min, 65°C 2 min (with a subtraction of 0.5°C/cycle), 72°C 1 min (with a addition of 2 sec/cycle) for 30 cycles followed by 94°C 1 min, 52°C 2 min, 72°C 2 min for 10 cycles with a final extension of 72°C 10 min. Two microliters of the first round of 3 0 RACE-PCR product was used as a template for the second round of 3 0 RACE-PCR. The second round of 3 0 RACE-PCR was performed using primers-GFP/NEST (5 0 -CAG-CTGCTGGGATTACACAT-3 0 ) and AUAP. The PCR conditions for the second round of 3 0 RACE-PCR was as follows: initial denaturation of 94°C 3 min followed by 94°C 1 min, 60°C 1 min, and 72°C 1 min for 24 cycles followed by a 72°C 10 min final extension.
Real-time quantitative PCR (QRT-PCR) was performed using 100 ng of total RNA in a 5-ll reaction using the Roche SYBR Green I RNA amplification kit (Roche Applied Sciences). To analyze the h2afza transcript levels in P6IIIC line, QRT-PCR was performed using primers P6IIIC-ex2F2 (5 0 -GGATCT GAAGGTGAAGCGAATCAC-3 0 ) and P6IIIC-ex3R2 (5 0 -CATC AGGATACAGTACGTCAAACGC-3 0 ) designed against exons flanking the insertion locus in the h2afza gene. For P6VIIA line, QRT-PCR was performed using primers P6VIIAF1 (5 0 -CCAGA GCGGCAGTGGAGCGACG-3 0 ) and P6VIIAR2 (5 0 -CAT-CCT CTGATGACCTTTCCCATC-3 0 ) designed against exons flanking the insertion locus in fk506bp3 gene. As a control, QRT-PCR was performed for the zebrafish b-actin partial gene transcript using primers b-actin-ex4F1 (5 0 -CGTTGCCATCCAGGC TGTGCTGTCC-3 0 ) and b-actinex4R1 (5 0 -GCCAATGGTGAT GACCTGTCCGTC-3 0 ) designed against the exon 4 of the b-actin gene. Reverse transcription was performed for 30 min at 42°C. Denaturation was performed at 94°C for 30 s, followed by 30 amplification cycles of 94°C 15 s, 55°C 20 s, and 72°C 20 s. Fluorescent emission from the double-stranded DNA was detected after every extension period at a temperature of 84°C, which is slightly below the melting temperature of the specific amplification products. The number of cycles required for log-linear amplification was quantified using the LightCycler software (v3.5, Roche Diagnostics, Germany). The relative levels of specific transcripts in the original pool of RNA were calculated using methods described (Winer et al., 1999; Livak and Schmittgen, 2001) . 5 0 RACE-PCR was performed as previously described (Clark et al., 2004) . Inverse PCR (iPCR) was performed as previously described Hermanson et al., 2004) . Information about primers is available from authors upon request.
Injection of morpholino oligonucleotides (MO)
One MO (H2AFZa MO, 5
0 -TGTGAGGAATGACTCCTGCGGACG C-3 0 ; Gene Tools, Inc) targeted against the predicted intron 4/exon 5 splice-site of h2afza gene was used to inhibit the proper processing of h2afza gene transcript. 1-9 ng of 1 lg/ll MO solution in Danieau buffer (Nasevicius and Ekker, 2000) was injected into one-cell zebrafish embryos.
4.7. Developmental expression profiling 4.7.1. In situ hybridization
In situ was performed as described (Jowett, 2001) . A 1.75 kb dlx2 ORF was cloned into pBSsk-vector (Akimenko et al., 1994) and the antisense RNA probe was made by digesting the plasmid with BamHI and transcribed with T7 RNA polymerase using a DIG labeling kit (Roche).
RT-PCR
RNA was prepared from embryos at different developmental stages (minimum 25) and organs (from at least 2 wt fish). RNA was reverse transcribed using Superscript III, and 1 ll of reverse transcription reaction was used for PCR. For h2afza gene, P6IIIC-ex2F2, and P6IIIC-ex3R2 primers were used. For fk506bp3 gene, P6VIIAF1 and P6VIIAR2 primers were used. For control, L37A3 and L37A5 primers against 60S ribosomal protein L37A (Knowlton et al., 2003) were used.
Alcian blue staining
For visualizing the cartilage in the WT, P6IIIC mutant fish and H2AFZa MO injected fish, 5 dpf-old-larvae were stained with alcian blue using a modification of previously published protocol (Dingerkus and Uhler, 1977) .
Bioinformatics analysis of the trapped sequences
To identify and characterize the trapped sequences, we used the following procedure. Initially, we conducted an identity search using BLASTN against publicly available EST sequences of zebrafish in the TIGR (The Institute For Genomic Research -http://www.tigr.org) zebrafish gene index. In cases where no match was found in the TIGR zebrafish gene index, a search was also conducted on NCBI (National Center for Biotechnology Information -http://www.ncbi.nlm.nih.gov) EST database using BLASTN. Only EST sequences with P98% identities were considered a positive match. An identity search was also conducted using BLASTView against zebrafish Ensembl (http://www.ensem bl.org/Danio_rerio/) genomic DNA database to identify the genomic location of the trapped sequences. Genomic sequences with P98% identity to the trapped sequence were considered as significant matches. The annotation status, exon prediction and exon-intron boundary of the trapped sequence were similarly identified using the Ensembl zebrafish genomic DNA database.
Annotation of zebrafish Histone 2a family, member za (h2afza) gene
We performed bioinformatics analysis to determine the exact nomenclature of the trapped gene in P6IIIC line. We conducted a homology search using BLASTN against publicly available sequences in the TIGR zebrafish gene index, NCBI database and the Ensembl zebrafish genomic DNA database (Zebrafish genome assembly -Zv_5). In the TIGR zebrafish gene index the trapped sequence had 100% identity to the Histone 2A variant (H2av) protein fragment (TC291074). In the NCBI database, the trapped sequence had 100% identity to a zebrafish cDNA clone which was similar to Histone 2a family, member v (BC049523). In the Ensembl zebrafish genomic DNA database the trapped sequences had 100% identity to exon of a Histone 2A family gene on scaffold Zv5_scaffold 450. We also noticed that there was a previously published Histone 2A family, member Z gene (h2a.f/z -Pauls et al., 2001, h2afz -ZFIN ID: ZDB-GENE-020717-1) annotated on zebrafish chromosome 5. Recently, the nomenclature of the published h2a.f/z gene was changed to h2afv by the zebrafish information network (www.zfin.org). The trapped sequences had 98% identity to the published h2a.f/z gene. By reciprocal BLAST analysis and ClustalW multiple sequence alignment analysis of the protein sequence (128 amino acid) we determined that the trapped gene in the P6IIIC line was 99% identical to the human Histone 2a family, member z gene -H2A.Z (Hatch and Bonner, 1988) where as the published zebrafish h2af/z (Pauls et al., 2001 ) was only 97% identical to the human H2A.Z gene. Based of the analysis described above we believe that the gene tagged and mutated in the present study is the true zebrafish ortholog of the human Histone 2a family, member z gene. In order to avoid confusions in nomenclature between the published zebrafish h2af/z locus and the current locus, we decided to name the gene tagged and mutated in the P6IIIC line as the zebrafish Histone 2a family, member za (h2afza) (Accession No. DQ659112).
